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A B S T R A C T

Corticosterone does not change in consistent ways across species and contexts, making it challenging to use as an
indicator of chronic stress. We assessed DNA damage as a potential metric that could be a more integrative stress
measurement with direct links to health. We captured free-living house sparrows, took an immediate blood
sample, and transferred them to the laboratory, exposing them to the chronic stress of captivity. Biweekly blood
and weight samples were then taken for 4 weeks. We immediately assessed DNA damage in red blood cells using
the comet assay and later quantified corticosterone. Uric acid was analyzed in a separate group of birds. We
found that birds initially lost, but began to regain weight over the course of captivity. DNA damage peaked
within the first 10 days of captivity, and mostly remained elevated. However, the cellular distribution of damage
changed considerably over time; most cells showed low levels of damage early, a bimodal distribution of high
and low DNA damage during the peak of damage, and a wide unimodal distribution of damage at the end of the
4 weeks. Furthermore, corticosterone increased and remained elevated and uric acid decreased and remained
depleted over the same period. Although both a molecular (DNA damage) and an endocrine (corticosterone)
marker showed similar response profiles over the 4 weeks, they were not correlated, suggesting they reflect
different aspects of the underlying physiology. These data provide convincing preliminary evidence that DNA
damage has potential to be an additional indicator of chronic stress.

1. Introduction

In recent decades, corticosterone (Cort) has become a focal point of
many experiments aiming to assess stress in individual organisms and
populations (e.g. Costantini et al., 2008; Deviche et al., 2014; Liebl and
Martin, 2012; Love et al., 2017). Cort is a steroid hormone—a gluco-
corticoid—that is released from the adrenal glands, triggered by a
cascade of signals from the hypothalamic-pituitary-adrenal (HPA) axis
(Sapolsky et al., 2000). At baseline levels, it is responsible for a number
of physiological and behavioral effects (see Landys et al., 2006 for a
review). Despite these critical roles Cort plays at baseline levels, it is
often most associated with its role as a ‘stress hormone’ as it becomes
elevated within minutes of a vertebrate interacting with a stressful
stimulus. For this reason, it has come to be used as the catch-all hor-
mone for assessing the physiological state of an organism to determine
how ‘stressed’ it is. Unfortunately, however, measuring circulating Cort
in the blood only captures a portion of its function. Not only is a single
blood sample a “snap shot” of a dynamic response, but receptors and
binding globulins are also important for understanding Cort's impact.
Examining a downstream consequence of Cort, thereby integrating

multiple features of the Cort response, could provide a more logical,
meaningful, and possibly consistent measurement.

Studying ‘chronic stress’ has also become of particular interest in a
number of fields. For the purposes of this study, we are defining chronic
stress as occurring when the physiology of an animal is strained past its
‘normal range’ (e.g. entering homeostatic overload; Romero et al.,
2009) due to increased intensity or persistence of a disturbance. Many
studies have attempted to use Cort as a bioindicator of underlying
physiological condition, despite inconsistent trends. Some studies have
found that Cort increases during chronic stress (e.g. Clinchy et al., 2004;
Fischer et al., 2018; Lattin et al., 2012), while others have reported
decreases (e.g. Cyr et al., 2007; Dickens et al., 2009) and still others
have shown no differences (e.g. Angelier et al., 2016). In fact, a recent
review of the literature found that Cort does not change in a consistent
manner due to chronic stress in free-living animals (Dickens and
Romero, 2013). Furthermore, it is likely that changes in Cort are con-
text-specific, meaning that the type of chronic stress an animal ex-
periences might alter the function and regulation of the HPA axis dif-
ferently.

Although it is generally accepted that chronic stress—no matter its
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origin—causes broad physiological and behavioral consequences in-
cluding immunosuppression (Dhabhar and McEwen, 1997; Martin,
2009), reduced reproductive success (Cyr and Romero, 2007; Dickens
and Bentley, 2014), and altered behavior (Gormally et al., 2018; Love
et al., 2016), it remains unclear whether Cort is the proximal me-
chanism for these responses. The broader field of stress physiology is in
need of a more integrative and consistent biomarker of chronic stress
(Romero et al., 2015). In this study, we present data that suggest one
molecular technique could address this need. Cort is primarily a tran-
scription regulator; circulating molecules bind to nuclear receptors that
are present in nearly every tissue (Lattin et al., 2015), eliciting up or
down regulation of a variety of genes. Because of Cort's close associa-
tion with transcription and the maintenance of DNA, it is logical to
explore more molecular biomarkers of chronic stress.

For this reason, we decided to investigate the effect of the in-
troduction to captivity—a strong and persistent stressor—on DNA da-
mage. Captivity has been shown to affect both physiology and behavior
in animals (Fischer et al., 2018; Lattin et al., 2017, 2012) as it in-
troduces a number of novel stimuli that they must cope with (Morgan
and Tromborg, 2007). Furthermore, captivity has been shown to affect
not just Cort, but also the sympathetic nervous system (Fischer et al.,
2018), reproduction (Dickens and Bentley, 2014), immune function
(Love et al., 2017), and behavior (Lattin et al., 2017), making it a
compelling model to use when studying chronic stress. DNA damage
has the potential to be a more integrative measurement of chronic stress
because it occurs downstream of hormone concentrations. Damage
could also have a direct impact on the underlying physiology of an
individual by altering the ability to transcribe vital genes. Prior studies
have already drawn connections between DNA damage and stress-re-
lated hormones, both during the acute and chronic responses. DNA
damage has been shown to become significantly elevated within 10min
of exposure to Cort, epinephrine, and norepinephrine in vitro (Flint
et al., 2007). This same study showed that concurrent addition of
blockers of these hormones results in no elevations in damage, sug-
gesting a direct link between them and genomic damage. While this
study used acute (short-term) exposures to stress-related hormones, the
results still suggest value for using DNA damage in chronic situations.
Following our working definition, chronic stress can result from either
the duration or intensity of acute stressors; in other words experiencing
layered acute stressors can be similarly detrimental to the physiology of
an animal as a persistent chronic stressors (e.g. Cyr et al., 2007; Cyr and
Romero, 2007; Gormally et al., 2018) A separate study showed that
when mice are chronically infused with isoproterenol, a β-2-adrenor-
eceptor agonist, there is a marked increase in DNA damage and genome
instability (Hara et al., 2011). These two studies suggest that DNA
damage is linked to both the Cort and epinephrine/norepinephrine
arms of the stress response, making it an attractive avenue to explore.

Though DNA damage has been predominantly assessed in lab-based
rodent models, there have been a number of studies of wild animals that
have measured damage as part of toxicology studies in the field
(Bonisoli-Alquati, 2014). This has become a valuable tool to use to
assess the impacts of toxic disasters like radiation, oil, and chemical
spills. In general, studies have detected significantly elevated DNA
damage levels in birds in regions afflicted by these kinds of disasters
(e.g. Baos et al., 2006; Maness and Emslie, 2001; Pastor et al., 2004;
Sicolo et al., 2010). Some other studies have shown that different types
of stress (chronic and acute) can impact DNA damage in fish, reptilian,
and avian species (Malandrakis et al., 2016; Meitern et al., 2013;
Schwartz and Bronikowski, 2013). Despite the number of studies that
have assessed DNA damage in vertebrates, proper validations have not
been conducted for correlating it to stress; instead, it has been assumed
that higher DNA damage is associated with more “stress,” similar to the
associations drawn with Cort.

To more directly assess whether DNA damage could be an indicator
of chronic stress, we brought house sparrows (Passer domesticus) into
captivity and measured Cort, DNA damage, and weight twice a week for

4 weeks. Because avian erythrocytes are nucleated and have a shorter
lifespan than their mammalian counterparts (Beuchat and Chong,
1998), we could easily and repeatedly sample the same individual over
the course of captivity to assess DNA damage. In a separate group of
birds, uric acid was also assessed throughout the introduction to cap-
tivity. Uric acid is a potent antioxidant (Ames et al., 1981) and thus
changes could reflect alterations to the redox balance during captivity
(Cohen et al., 2007). Oxidative stress is common in erythrocytes so
measuring uric acid could provide one lens through which to examine
the aspect of damage (Mohanty et al., 2014; Sinha et al., 2015). Uric
acid also has direct links to Cort, being shown to increase following
acute and chronic exposures (Lin et al., 2004a, 2004b). We have pre-
viously shown, however, that uric acid decreases during periods of
chronic stress (separate from the administration of exogenous Cort)
(Gormally et al., 2018). We predicted that baseline Cort and ery-
throcyte DNA damage would increase, and uric acid decrease, upon
introduction to captivity; and that all three metrics would stabilize once
the birds acclimated to captivity. Consequently, this study fills the
critical gap of determining if the magnitude of DNA damage is corre-
lated with the duration or magnitude of stress; prior studies only sup-
port the relationship between Cort administration and DNA damage.

2. Materials and methods

2.1. Experimental design

Two groups of house sparrows, Group 1 of 9 birds (4 females and 5
males; April 2018) and Group 2 of 10 birds (5 females and 5 males;
October 2017), were passively captured by mist nets and potter traps in
Medford, MA, USA. Within 3min of capture, a blood sample (~45 uL)
was taken from the alar vein and collected in a heparinized capillary
tube. Samples collected within this 3-min window have been shown to
reflect baseline Cort concentrations (Romero and Reed, 2005). Birds
were then brought into captivity, where they were housed individually
in cages (45 cm×37 cm×33 cm) on a 12 L:12D light cycle.

Blood samples were taken in the same fashion as the pre-captivity
sample on days 3, 6, 10, 13, 17, 20, 24, and 27 of captivity. Birds were
also weighed on each of these days at the time of sampling. Blood
samples were kept on ice until processing, within 2 h of collection. For
Group 1, a portion of whole blood was diluted in phosphate buffered
saline (Ca2+, Mg2+ free) for use in the comet assay prior to cen-
trifugation (see below). For both groups, the remaining, undiluted
blood samples were then separated by centrifugation. Aliquots of
plasma were frozen at −20 °C for later Cort quantification (Group 1) or
uric acid (Group 2).

This experiment was approved by the Tufts Institutional Animal
Care and Use Committee and was conducted in compliance with the
Guidelines for Use of Wild Birds in Research (Fair et al., 2010).

2.2. Comet assays

DNA damage was assessed in the erythrocytes from the whole blood
samples of Group 1 house sparrows using a comet assay performed
within 5 h of blood collection. Low melt agarose (LMA), lysis solution,
control cells, and CometSlides were purchased from Trevigen
(Gaithesburg, MD, USA). Before starting the assay, the LMA was melted
in a beaker of boiling water; it was then cooled in a 37 °C water bath for
20min. At the same time, the appropriate number of CometSlides (20-
well) were warmed in a 37 °C drying oven. To avoid the accumulation
of dust, slides were kept in closed petri dishes when in the oven. Once
cooled, 300 μL LMA was added to pre-warmed microcentrifuge tubes
(1.5 mL) tubes—one for each sample. These tubes were kept in a heated
dry block to keep the LMA melted.

All of the following steps were conducted in dim light or in the dark
to avoid excess UV-induced damage to the erythrocytes. Whole blood
(collected and separated prior to centrifugation) was diluted 400-fold in
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phosphate buffered saline (1×, pH 7.4, Ca2+, Mg2+ free; e.g. 2 μL
plasma into 800 μL PBS). Two additional 5-fold dilutions were then
created for each sample. This large dilution is necessary to get a rea-
sonable number of cells to quantify damage. Too low a dilution will
result in far too many cells being on the CometSlide that will overlap
and make imaging and analysis impossible. For each sample, 30 μL of
this final dilution was added to the pre-warmed 300 μL LMA. After
quickly mixing, 30 μL was added to the CometSlide in duplicate. The
sample was then completely spread onto the well using the side of the
pipette tip. This process was repeated for each sample.

The CometSlide was then placed in a 4 °C refrigerator in the dark for
30min to solidify the gel. After this period, the slide was covered in
lysis buffer (40mL Trevigen buffer, 4 mL DMSO) and left in the re-
frigerator for 1 h. The slide was then removed from the buffer and
submerged in electrophoresis buffer (500mM sodium acetate, 100mM
Tris base, pH 10) for 30min at 6 °C. Note that this is a less basic pH than
the more common alkaline comet assay. The alkaline comet assay de-
tects both single and double stranded DNA breaks while this less basic
versions only detect double stranded breaks. Upon initial trials of the
alkaline comet assay (pH>13), we found that nearly all DNA migrated
into the tail of the comet, making it impossible to analyze differences. It
has been qualitatively reported that avian erythrocytes contain high
numbers of alkali labile sites, which are then converted to strand breaks
during alkaline treatment (Bonisoli-Alquati et al., 2010; Galván et al.,
2014). The neutral version of the assay greatly reduced the frequency of
these overly-damaged comets, since it likely does not convert these
alkali labile sites and detects a higher proportion of double strand
breaks (see reviews Collins, 2004; Collins et al., 2008; Langie et al.,
2015). Electrophoresis was then performed at 21 V for 30min at 6 °C
(using 850mL of buffer). Two 5-min washes with chilled distilled water
were then conducted followed by a 5-min wash with chilled 70%
ethanol. Finally, the slide was dried in a covered petri dish in a 37 °C
drying oven. The slide was considered to be completely dried once the
gel disappeared.

Slides were stored in a cool, dark box with desiccant. When ready to
image, slides were removed from the box and stained with SYBR Gold
(Molecular Probes, Eugene, OR, USA) for 30min. Excess stain was re-
moved with distilled water and slides were once again dried. Slides
were then imaged using the 10× objective on a fluorescent microscope.

Four control samples were run during each assay as well. These
control samples were purchased from Trevigen (Neutral Control Cells)
and treated in the same way as the samples. The control cells have
increasing amounts of pre-set damage and therefore allow for con-
sistency between assays; the inter-assay CV based on these samples was
22.6%.

2.3. Corticosterone radioimmunoassays

Cort concentrations were measured from Group 1 birds using a
radioimmunoassay (Wingfield et al., 1992). In brief, ~20 μL of plasma
was diluted to 200 μL with distilled water. Each sample was then spiked
with 20 μL of tritiated Cort to assess steroid extraction efficacy. Steroids
were extracted with 4mL of dichloromethane. These extracts were
dried using nitrogen and then rehydrated with phosphate buffered
saline with added gelatin. The radioimmunoassay was then conducted
with the B3–163 antibody (Esoterix, Calabasas Hills, CA, USA) and
tritiated Cort. Assay sensitivity was 1.07 ng/mL and the inter and intra-
assay CVs were 9% and 3% respectively. Samples that fell below the
limit of detection (5 of 78 samples) were assigned the floor of the assay
(1.07 ng/mL).

2.4. Uric acid comparisons

Uric acid was analyzed from Group 2 blood samples using an
Amplex® Red Uric Acid/Uricase Assay Kit (Molecular Probes, Eugene,
OR, USA). Assays were conducted according to the manufacturer's

instructions. Samples were run in triplicate and the inter and intra-
assay CVs were 3.9% and 3.0% respectively.

2.5. Data analysis

All statistical analyses were conducted in RStudio (RStudio Team,
2015).

Changes in weight were assessed by calculating percent of initial,
pre-captivity weights. These initial values were considered to be 100%
and any decreases or increases in weight were reported as changes from
100%.

Comet assay images were analyzed using the OpenComet (Gyori
et al., 2014) plugin for Fiji (Schindelin et al., 2012). All images were
analyzed by the same individual (BG) who was blinded to the exact day
of the experiment. This open-access program enables faster, less sub-
jective analysis of comets. The program automatically identifies comets
while also allowing for a user to manually exclude aberrant comets. It
produces a spreadsheet with 16 different parameters for each individual
comet. We extracted “TailDNA%,” which is the percentage of DNA that
has migrated into the tail of the comet. A higher TailDNA% thus cor-
relates to increased DNA damage. We analyzed the average TailDNA%
for each bird at each day of captivity, but also assessed the distribution
of damage at each of these sampling points. To clarify, we assessed the
distribution of damage of all the cells, from all the samples taken on a
given day of captivity, generating 8 different distributions. The mod-
ality of these distributions was analyzed using Hartigan's dip test
(diptest package, Maechler, 2016). There is currently not a consensus
on the best way to assess bimodality, but Hartigan's dip test is a general
test of multimodality. A p-value of< 0.05 suggests that the distribution
is not unimodal, and at least bimodal (Hartigan and Hartigan, 1985).

The effect of captivity day on mass, DNA damage, Cort, and uric
acid was assessed using linear mixed effects models (‘lmer’ function,
lme4 package, Bates et al., 2015) with individual bird identity included
as a random effect. The effect of sex was also checked using a separate
model where sex was included as an interaction term. Cort concentra-
tions were log transformed and TailDNA% was square transformed to
maintain homogeneity of variances, which was tested using Levene's
Test. We then used the ‘Anova’ function of the car package (Fox and
Weisberg, 2011) to test for statistical significance of the linear model. In
the event of a significant result, the ‘glht’ function of multcomp package
was used to test for pairwise differences between the pre-captivity
measurement and each day of captivity (Hothorn et al., 2008). Residual
plots were visually inspected for each linear model. Finally, we assessed
the correlation between Cort and DNA damage using a Pearson corre-
lation.

3. Results

3.1. Weight

House sparrows lost a significant amount of weight by day 6 of
captivity (F8, 72= 4.79, p < .0005; Fig. 1). Weight remained sig-
nificantly reduced compared to pre-captivity levels through day 27 of
captivity. Females and males lost weight in a similar fashion (main
effect, F1, 79= 0.00, p=1.00; interaction, F8,72= 0.87, p= .55)

3.2. DNA damage

DNA damage varied over the course of captivity, increasing from
pre-captivity levels (F8, 72= 29.08, p < .0001; Fig. 2). DNA damage
peaked at day 10 of captivity (45.90 ± 3.01%). Following day 10, DNA
damage initially decreased to pre-captivity levels on day 20, but then
increased again on days 24 and 27. Changes in DNA damage was not
influenced by sex (main effect, F1,79= 0.38, p= .54; interaction,
F8,72= 0.23, p= .64)

The shape of the distributions of the DNA damage also shifted over
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the course of the captivity (Fig. 3). These distributions were assessed by
combining for data of all the cells, from all individuals at each day of
captivity. At capture, DNA damage was visually unimodally distributed.
A bimodal—or at least non-unimodal—distribution then emerged at
days 10 and 13. Results from Hartigan's dip test suggests non-unimodal
distributions on days 10 and 13 (Fig. 3).

3.3. Corticosterone

Pre-captivity baseline Cort concentrations were often so low they
were undetectable, but baseline Cort increased dramatically upon
transference to captivity within 3 days and remained high, never re-
turning to pre-captivity levels (F8, 69= 3.73, p < .005; Fig. 4). Cort
was not significantly correlated to DNA damage (ρ=0.16, p= .17) and
females and males experienced similar Cort changes (main effect,
F1,76= 0.8, p= .37; interaction, F8,69= 0.38, p= .93).

3.4. Uric acid

Uric acid decreased significantly within the first 3 days of captivity
(F10, 85= 11.01, p < .0001; Fig. 5). Plasma uric acid remained de-
pleted throughout the entire 4 weeks of captivity and there were no

Fig. 1. Change in weight of house sparrows over the course of captivity.
Changes were calculated as the percent change from initial, pre-captivity
weights, with 100% assigned as the pre-captivity weight. + indicates sig-
nificance at p < .05 while * indicates significance at p < .01. Error bars
represent± SEM from n=9 birds.

Fig. 2. DNA damage in the erythrocytes of house sparrows changes due to
captivity. * indicates significance at p < .01. Error bars represent± SEM from
n=9 birds.

Fig. 3. Density plots of the percent of DNA in the tail of the comets upon introduction to captivity. Plot includes histograms of all 9 birds at each time point with
overlaid kernel density curves. Dip test results are shown below the x-axis. Bolded numbers indicate values that are below a significance value of 0.05. Day 24 has
been omitted for space purposes.

Fig. 4. Corticosterone in house sparrows brought into captivity. + indicates
significance at p < .05 while * indicates significance at p < .01. Error bars
represent± SEM for n=9 birds.
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differences in females and males (main effect, F1,77= 0.03, p= .88),
however there was a weakly significant interaction between sex and
day of captivity (F8,70= 2.26, p= .04) driven by females who experi-
enced more rapid reductions in uric acid.

4. Discussion

In this study, we tested how DNA damage measured in avian ery-
throcytes changes in response to a known persistent chronic stres-
sor—captivity. DNA damage increases and remains variably high over
the course of captivity. Another physiological parameter, body weight,
shows a similar pattern, with birds initially losing weight, but begin-
ning to regain that weight towards the end of the experiment.
Interestingly, Cort abruptly changed when the house sparrows were
brought into captivity, but levelled off and did not substantially change
after the first week of captivity. Finally, uric acid dropped dramatically
and remained depleted over the same time course. These results high-
light that different physiological mediators adjust to captivity over
different timescales. Furthermore, they indicate that DNA damage can
be a valuable addition to assess chronic stress in conjunction with other
physiological.

4.1. Average DNA damage changes as a result of captivity

We found that house sparrows brought into captivity experienced
elevated DNA damage within 3 days (Fig. 2). Two lines of evidence
suggest that this damage is likely the result of oxidative stress. First,
captivity creates a challenging environment that organisms must adapt
to (Morgan and Tromborg, 2007), and coping with challenges results in
increased energy expenditure (Cyr et al., 2009). Oxidative stress occurs
when too many free radicals are produced and the body's antioxidant
defenses are unable to counteract their effects; these free radicals can,
in turn, lead to damaged DNA (Bayir, 2005). The majority of free ra-
dicals are produced as byproducts of the electron transport chain, so
that an increase in cellular metabolism will have a concomitant in-
crease in free radical production (Cohen et al., 2008; Huang and
Manton, 2004). Though there has not been extensive research into the
metabolic functions of avian erythrocytes, they do produce reactive
oxygen species which could lead directly to DNA damage (Zhang et al.,
2011). Red blood cells are also known to be exposed to reactive oxygen
species in circulation (not necessarily those produced by themselves)
and these can lead to the accumulation of damage and eventual se-
nescence (Mohanty et al., 2014; Sinha et al., 2015).

The second line of evidence that DNA damage results from oxidative
stress comes from the concomitant increase in circulating baseline Cort
(Fig. 4) that matches previous studies in house sparrows transferred to
captivity (Fischer et al., 2018; Kuhlman and Martin, 2010; Love et al.,

2016). In these studies, Cort remained elevated to different degrees, but
typically never returned to pre-captivity levels. Cort treatment on both
acute (Lin et al., 2004a) and chronic timescales (Costantini et al., 2011,
2008; Lin et al., 2004b) alter levels of antioxidants, leading to oxidative
stress. Consequently, elevations in Cort likely lead directly to oxidative
stress and subsequent DNA damage. Note that while Cort and DNA
damage change in visually similar ways (Figs. 2 and 3), we found they
were not directly correlated, suggesting they capture independent me-
chanisms.

The potential connection to oxidative stress led us to subsequently
partially test this hypothesis by measuring uric acid, a potent anti-
oxidant in avian species. The results from the separate group of birds
shows that uric acid rapidly decreases upon introduction to captivity
(Fig. 5). Other studies using a variety of stress protocols have shown
that chronic stress can lead to alterations in uric acid (Cohen et al.,
2008; Gormally et al., 2018). In addition to its antioxidant roles, uric
acid is also the end product of purine metabolism in birds (Cohen et al.,
2007). Changes in uric acid —and other antioxidants—during periods
of chronic stress possibly represent depletion of antioxidant stores as a
means to partially cope with the ongoing oxidative stress. In the ab-
sence of chronic stress, uric acid levels tend to be quite stable in house
sparrows (Pap et al., 2015).

Our working model is that captivity results in increased oxidative
stress resulting from increases in circulating reactive oxygen species,
that in turn leads to initial increases in DNA damage. This process ap-
pears to peak at about 10 days. By 2.5–3weeks, however, the birds have
essentially acclimated to their new captive environment. Prior studies
on house sparrows introduced to captivity suggested that both Cort and
heart rate (a proxy for epinephrine/norepinephrine) reach new plateaus
within a similar time frame (Fischer et al., 2018). The results of this
study also show that both Cort and uric acid level off after a relatively
brief period of time. Once these new baselines have been reached, we
hypothesize that there is a reduction in the number of reactive oxygen
species in circulation. The older erythrocytes that became damaged
during those initial few weeks are removed from circulation by ery-
throphagocytosis and replaced with younger, relatively undamaged
cells (Arias and Arias, 2017). Even though Cort remains elevated and
uric acid remains depleted, the DNA damage results suggest that ac-
climation may have begun within 3 weeks (see Day 20, Fig. 2). In
support of this hypothesis, weight begins to trend back to initial levels
at approximately the same time, suggesting that birds may have begun
to acclimate. Interestingly, DNA damage began to increase once again
by 3.5–4weeks in captivity. We do not yet have a hypothesis for these
complex temporal dynamics, however no other physiological para-
meters changed during this time period, suggesting that the birds were
not reentering a new period of chronic stress, but rather that new
baselines had been established.

Though avian erythrocytes are terminally differentiated, they do in
fact have functional mitochondria (Stier et al., 2013) and have even
been shown to be capable of transcription (Morera et al., 2011).
Therefore, the damage they incur as a result of oxidative stress or other
mechanisms is likely meaningful. Though not yet explored, erythrocyte
damage could also be reflective of damage in other tissues that might be
more detrimental to overall health.

4.2. Changes in the distribution of DNA damage in comets

In addition to the changes we observed in the average DNA damage
over the course of the experiment, we also found unique shifts in the
distributions of damage within the individual samples. We noticed that
a visual shift in damage distribution occurs in the histograms of damage
at later sampling points. When birds are initially sampled in the wild,
the distribution of the damage in their erythrocytes is visually normal,
and any skew is biased towards lower damage. In fact, the majority of
comets have<25% of DNA in their tails. However, over the course of
the first few weeks in captivity, this unimodal distribution shifts to a

Fig. 5. Uric acid changes in response to captivity. * indicates significance at
p < .01. Error bars represent± SEM for n=10 birds.
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more bimodal distribution (Fig. 3). These data suggest that there could
be two different population of red blood cells in circulation at the start
of the experiment—older erythrocytes that are more susceptible to
damage and younger cells that are less susceptible. Upon introduction
to captivity, the more susceptible cells become damaged more quickly
than the less susceptible cells. The younger cells still accumulate some
DNA damage, however to a lesser degree. Thus a bimodal distribution
of heavily damaged (more susceptible) and lesser damaged (less sus-
ceptible) cells emerges after the initial 1.5–2weeks in captivity. These
data suggest that older erythrocytes with more DNA damage are being
replaced by younger, less damaged ones over time, leaving a population
of heavily damaged cells (older) and those that are only moderately
damaged (newer). Eventually, this bimodal pattern returns to a roughly
unimodal distribution (Days 17 and 28, Fig. 3), although with a much
broader range indicating substantial numbers of damaged cells remain.
At this point, the entire population of red blood cells consists of a
mixture of brand new (as of introduction to captivity) and older cells
that have been damaged and aged throughout captivity. Note that even
after 27 days, the distribution is quite different than the distribution at
capture, with most comets having> 25% DNA in their tails. The
change in distribution, however, suggests a way to visually observe the
acclimation process. Avian red blood cells naturally have a life span of
about 35–45 days (Beuchat and Chong, 1998), however erythrocyte life
span is flexible and can be tuned to the amount of oxygen in the en-
vironment (Arias and Arias, 2017). This shift in distribution shape
could also therefore be reflecting the natural aging process of ery-
throcytes.

4.3. Implications for future stress physiology studies

Perhaps the most interesting of these results is that DNA damage is
peaking within a 10-day window (Fig. 2). Prior studies involving
human-induced chronic stress protocols indicate that significant
changes in baseline and stress-induced Cort as well as strength of HPA
axis negative feedback begin to occur after 10–12 days (Cyr et al., 2007;
Cyr and Romero, 2007; Lattin and Romero, 2014; Rich and Romero,
2005). While it's important to note that these chronic stress protocols
and introduction to captivity are different types of chronic stress, it is
promising that DNA damage points to a similar time frame. We believe
these data support the idea that animals enter homeostatic overload
(Romero et al., 2009) within this time frame, but that acclimation likely
begins to occur following this in captivity as no additional stressors are
being experienced.

Measures of DNA damage should be considered in other studies
aiming to assess chronic stress in individual organisms, particularly in
avian species. We would like to emphasize that while DNA damage and
Cort did show similar profiles in this study, they measure distinct
processes; in the future, DNA damage may prove to be a more con-
sistent measurement as it circumvents many of the difficulties of
quantifying Cort (e.g. receptor and binding globulin dynamics).
Measuring DNA damage with the comet assay is simple, allows for re-
peated measures designs, and economical. It could be measured in
conjunction with other physiological parameters relatively easily. It has
become increasingly obvious that Cort plays a complicated role that
often isn't consistent, particularly during periods of chronic stress.
Therefore, measuring this hormone alone is not sufficient to under-
standing the complex changes that chronic stress induces. These data
suggest that DNA damage is a useful metric to assess alongside other
physiological markers. It is becoming increasingly clear that these
markers change over different timescales and that the type of chronic
stress heavily influences these changes (Fischer et al., 2018; Gormally
et al., 2018). We feel that a multi-modal approach should be used
whenever possible, and advocate that DNA damage quantification
should become part of our physiological toolkit.
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